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Carbon Fiber Reinforced Polymer (CFRP) has been used in several capacities in the
manufacturing of products such as high performance cars and airplanes, as well as many other
smaller products. In construction, it has primarily been used as a way to strengthen or repair
existing structures, and in some more recent applications, in tension cables. This paper will
examine a new way to use CFRP- as a roofing material, and will specifically focus on the design
and installation of a CFRP roof installed at Apple’s new AC2 Auditorium, forming the roof for the
main entrance lobby. Installed in February of 2016, this is the largest CFRP roof ever constructed
for a building. The roof was prefabricated in Dubai in individual panels and assembled on site and
lifted into place. The panels were built using sandwich construction and weighs over 80 tons. The
material, design and construction of this roof are one of a kind and serve as a perfect case study for
the way roofing could be done in the future.
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Background
Construction began on Apple’s new corporate campus, or AC2, in winter of 2013. The campus’s main building,
already ordained with the nickname “The Spaceship Headquarters”, is set to be an iconic building in both design and
innovation upon it’s expected completion at the end of 2016. Accompanying the main building will be an assortment
of auxiliary buildings including, a visitor’s center, a fitness center, and a new campus auditorium. Like the main
building, all of these buildings come with a high level of design and innovation.
Typically, Apple has used event spaces away from Cupertino, most notably the Moscone Center in San Francisco, to
host a variety of its public releases including its World Wide Developers Conference. When the design and planning
of AC2 was being developed, it was decided that the new campus would have its own event space and theater. The
auditorium would not only be a place to host conferences but for a variety of purposes including employee trainings
and concerts, among others.
As the main forum for Apple to speak to the world, the campus auditorium was designed to be as equally impressive
with the AC2 main building and to meet Apple’s high standards for design and aesthetics. The bulk of the
auditorium is underground, including seating for 1000 people and an impressively large lobby. The main portion of
the seating and staging area are 200 feet underground and is nearly 150 feet wide at its widest point. When
approaching the theater, the only structure visible is a circular glass structure with a silver, composite roof. This is
the main entrance point into the theater, and houses stairs and an elevator that will lead into the main lobby below.
The focus of this paper will be a case study on the Carbon Fiber Reinforced Polymer (CFRP) roof that sits on the
glass structure and forms the roofing and ceiling for the entrance lobby below. The roof sits on 44 individual glass
panels that are 23 feet high. The glass panels are “structural glass” meaning that there is no structural steel within
this part of the structure and the glass is truly the only thing holding up the vertical and diagonal loads.

CFRP Use in the Industry
Carbon Fiber Reinforced Polymer is an extremely strong and light form of fiber reinforced plastic that preforms
extremely well with corrosion resistance, has a very high specific strength and stiffness, has a superior equivalent
moduli and has outstanding fatigue behavior (Meier 2012). It is made up of carbon fibers that are pieces of carbon
that are 5-10 micrometers in diameter that are bonded together to form a crystalline structure that has a very high
tensile strength. These fibers are then bundled together and woven with each other to form sheets of carbon fiber.
When the carbon fiber is combined with a polymer such as epoxy, the carbon fiber is strengthened even more and
gives it a higher strength to weight ratio and greater amount of stiffness.
People love building with carbon fiber, but it is relatively used in small doses. This is due to the relatively high cost
of the materials used to create it. Because it is so expensive, it is normally used in construction in very small
amounts. It is most commonly used in two circumstances. The most common one people think of is when the
strength to weight ratio is greater than the cost concern, such as in high performance sports cars, airplanes, boats and
other things of that nature. In building, it is most commonly used when the cost of using carbon fiber is much less
than the other available option- replacing and tearing a structure down and rebuilding. Therefore, CFRP is most
commonly used to strengthen existing materials or in repairs. Usually, it is used in repairing concrete beams, but
always in smaller amounts. While carbon fiber’s cousin glass fiber composite has been used by designers for a few
decades, carbon fiber in construction is usually only ever seen in futuristic concept drawings.
There have been some more recent applications of CFRP in engineering, one of which is the design and installation
of CFRP cabling to combat some of the effects of Switzerland’s aging suspended bridges. Back in the United States,
Apple has released plans that its Apple store in Chicago will also have a CFRP roof, though dwarfed in comparison
to the size of the roof that is being installed at the AC2 Theater.

Methodology
The objectives of this case study are as follows:






To report on the design of this specific use of carbon fiber reinforced polymer as a roofing material for this
specific project.
To report on the construction of the roofing material.
To report on the installation of the CFRP roof on-site.
To highlight some of the difficulties and challenges of the completion of this portion of the overall project.
To provide information on this type of application of CFRP to provide information to designers and
contractors who may choose to use this type of roofing in the future.

The methodology used for this project was a case study, primarily relying on qualitative information gathered from a
review of the design documents, submittals, meeting minutes and interviews from Project Engineers on the General
Contractor’s side. In addition, first-hand information was gathered from personally working on the project as a
project engineering intern. The research gathered primarily focused on a few components of the overall scope of
work: The design of the material itself; what is made of; how it all comes together and what it was specified to have
accomplished; the construction of it off site; And the installation of the roof on site. These focuses make up the
categories of the case study itself and form the basis of the paper. From there, lessons learned were determined from
interviews with the General Contractor.

Case Study
This roof is the largest application of carbon fiber reinforced polymer for roofing purposes ever. It is disk shaped
and has an overall diameter of 155’ and has a max thickness of 5’, located in the center of the roof. Weighing over
80 tons, the structural design of the roof was done using the load resistance factor design (LFRD) approach and it
carries the imposed loads of the roof as well as the mass of the internal suspended ceiling. In addition to all of that, it
also is serving as the lateral support for the top of the glass walls on which it sits.

Project Specifics









Project Cost: 190+ Million dollars (exact figures are not allowed to be disclosed)
Project Timeline: Winter 2013- Winter 2016
Architect: Foster and Partners
General Contractor: BNBT Builders
CFRP Roofing Subcontractor: Premier Composite Technologies
Project Limits: The project site is located east and west of N. Tantau bounded by Calabasas Creek to the
north and west, City of Santa Clara limits to the east and I-280 to the south in Cupertino, CA
Square Footage: 120,000 sq ft
Seating for 1,000

Structural Overview
The AC2 theater roof is a shallow disc roof that is manufactured using carbon fiber reinforced epoxy composite. The
roof is located above a circular glass wall comprising of 44 laminated glass panes. The roof is connected to the
supporting glass wall with one pinned bracket for every glazing pane. Four of the brackets located above the door
panels are free to move in the vertical direction.
The construction of the roof is predominantly sandwich construction to allow for lightness and well as providing the
required stiffness. Some areas are composed of monolithic laminate, typical where high strength or stiffness is
required or for mechanical fasteners. The roof is comprises a central hub and 44 radial segments that were bolted
together on site to form the complete roof.
The central hub is a low-aspect ratio closed cylinder with an approximate diameter of 15’ and height of 5’. It is
constructed from a sandwich panel top surface and monolithic laminate in both the webs (cylindrical sides) and
lower surface. The webs are monolithic as the stiffness requirements demand a laminate that is sufficiently thick not
to require the additional panel stiffness provided by a structural core. The lower surface also contains a circular hole
in the center of the surface for access purposes.
The main segments are 70’ long components formed from an inverted U-profile that is narrow and deep at the
inboard end and flares out to wide, shallow form at the out board end, as can be seen in figure 2. The lower edge of
the U-profile also incorporates a 6” wide return flange on both sides.

To support the roof at the attachment points, each segment contains a circumferential beam, also known as a ring
beam. The ends of the beams in adjacent segments are bolted together to form a circumferential continuous ring
beam. At the 44 supports points provided by the glass wall, a roof connection bracket was mounted to the center of
the ring beam on the outboard face.

Sandwich Construction
Sandwich construction is the term for building panels where a structural foam core is
sandwiched between two composite laminate skins, allowing for light and stiff panels. The foam core that is used in
sandwich construction is usually lower strength, but with higher thicknesses. When combined with the composite
skin, in this case carbon fiber reinforced polymer, it gives it and increased level of flexibility and a lower overall
density. The core is then bonded to the skins with the use of adhesives. Common examples of sandwich construction
include car hoods, boat hulls and aircraft.

Other Design Elements
In addition to acting as the roof and ceiling for the lobby, the roof also included several other design elements. Noise
from rain was a concern for Apple, and the roof was tested to ISO 140-18 “Laboratory Measurement of Sound
Generated by Rainfall on Building Elements”. For wind loads, it is designed to withstand a minimum of 41 OPSF.

Prefabrication
The segments for this roof were all prefabricated in Dubai, where the designers could carefully oversee the
manufacturing and eventual trial run of putting all of the segments together to form the roof. After the segments
were completed, the general contractor attended a trial assembly run for the roof, and the roof was assembled and
placed by crane on top of mock glass panels. Once installed, testing was done to the roof to make sure it was fully
up to standards set out in the design requirements.

Preconstruction
One of the biggest challenges facing the installation and design of the roof was the shear amount of coordination that
was required. The roof also houses a suspended ceiling and MEP equipment and conduit and had to be fully
coordinated before construction for the prefabricated panels could begin. This meant weekly coordination meetings
between the general contractor, the glass panels subcontractor, Apple and the roofing subcontractor. Adding to the
difficultly was the fact that the glass panels subcontractor was based in Germany and the roofing subcontractor was
based in Dubai, meaning lots of early morning meetings for the general contractor.
In order to mitigate the challenges of coordination, it was required from the very start of the project that all parties
involved would be required to participate in B.I.M., with the general contractor in charge of facilitating all of the
modelling. The B.I.M. model became key for this project in dealing with the complexities of such a large building.
Adding to the challenges of this roof was the fact there was no code for carbon fiber reinforced polymer roofs at the
time of design and construction.

Installation
Since this roof was truly unique and something similar had not been done yet, finding skilled workers to install the
segments together and then place the roof on the glass panels created an interesting problem. The workers who
assembled the segments together in Dubai needed to be the same skilled workers who assembled the segments in
Cupertino. To solve this problem, (workers were hired locally and sent to Dubai to train and assemble the roof, and
became the skilled workforce needed in order to install the roof in the United States).

Once the roof had arrived on site in its separate segments, workers began to arrange and assemble the roof on-site
directly next to where it would eventually be placed. After assembly, the 80 ton roof was picked by a crane and
placed on top of the glass panel wall. See photo 1.
Picking 80 tons with a single pick presents its own problem, not to mention that the pick takes place next to an
extremely large and deep excavation. In order to mitigate that, the crane pad was required to have its own
foundations in order to make sure the adjoining excavation would not collapse.

Photo 1: Courtesy of Apple

Conclusion
The AC2 project is expected to finish by the end of 2016 and will be operational by early 2017. The AC2 carbon
fiber reinforced polymer roof was completed in February of 2016 without any major construction issues. This
example of using carbon fiber as a building material on such a large scale shows that building with carbon fiber can
be risk the cost in certain circumstances. This case worked so well because the roof needed to be light enough to be
able to sit on top of glass panels, and only glass panels, for support. As we continue to move forward in innovation
and push the limits of design and engineering, this roof can be used as a case study for years to come of an example
of how these types of things can be done.
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